ABSTRACT In this paper, an adaptive global fast terminal sliding mode control method using fuzzy-neuralnetwork (FNN) is proposed for a single-phase photovoltaic (PV) grid-connected transformerless system that is mainly composed of a boost chopper and a dc-ac inverter. A maximum power point tracking is accomplished in the boost part in order to extract the maximum power from the PV array. A global fast terminal sliding mode control strategy is proposed for an H-bridge inverter so that the tracking error between a grid reference voltage and the output voltage of the inverter can converge to zero in finite time. FNN is used to estimate the uncertainties of the system in real time since uncertainties in the system are difficult to obtain. The network weights are updated according to the adaptive law in real time to adapt to the variations of system uncertainties, enhancing the robustness of the system. Finally, a PV grid-connected system model is built in Simulink to verify the effectiveness of the proposed adaptive global fast terminal sliding mode control method.
I. INTRODUCTION
As a clean renewable energy, PV generation has attracted significant interests of researchers. In PV generation system, an inverter is indispensable because the PV power is a direct current, which is necessary to be converted into AC power. A grid-connected transformerless inverter has the characteristics of light weight, small size, and low price. A twostage single-phase PV grid-connected inverter system mainly consists of two parts: boost chopper and DC-AC converter, where boost and MPPT are accomplished in the boost part, while the conversion from DC to AC is implemented in the DC-AC inverter in general.
Common MPPT control method such as constant voltage tracking (CVT) [1] , incremental conductance (INC) method [2] , perturbation and observation method [3] , and intelligent methods such as fuzzy control [4] , neural network control [5] , particle swarm optimization [6] are proposed to track the maximum power point to increase the efficiency of the PV system. Sliding mode control (SMC) is a special nonlinear control scheme, which is robust to external disturbances and system uncertainties [7] . Many scholars [8] - [10] have applied SMC to control the inverter. Pires et al. [11] proposed a novel robust and adaptive sliding-mode control for a cascaded two-level inverter-based grid-connected PV system. Wai and Wang [12] designed an adaptive total slidingmode control scheme for the PWM inverter to maintain the output current with a higher power factor and less variation under load changes. Kumar et al. [13] employed a novel robust sliding mode controller for a grid-connected system. Dhar and Dash [14] presented a back-stepping finite time fast sliding mode control strategy to improve the stability and robustness tracking of a grid-connected PV system. Chattering that exists in sliding mode control may damage the actuator. In order to reduce the chattering, a continuous function is used to replace sign function [15] , a fuzzy logic based dynamic sliding mode control for inverter is employed in [16] to reject external disturbances. The state of common sliding mode control system cannot converge to equilibrium point in finite time. Some scholars [17] , [18] have proposed a fast terminal sliding control strategy by employing a nonlinear function in the sliding surface so that the system can converge to equilibrium state in a finite time. Global fast terminal sliding mode control (GFTSMC) can have a fast convergence speed in the whole convergence process. However, there is little reported study applying GFSMC to control the gridconnected inverter.
In this paper, a MPPT of a PV system is implemented by using INC method with adaptive step size. Adaptive fuzzy neural network global fast terminal sliding mode control (FNNGFTSMC) strategy is employed to control the DC-AC converter, the following characteristics and contributions can be summarized compared to other inverter controller:
(1) A global fast terminal sliding mode surface is selected, and the control law is designed to force the system converge to the equilibrium state. FNN whose weights are updated according to the adaptive law in real time to adapt to the system uncertainties is employed to approximate the uncertainties of the system.
(2)The voltage tracking errors of the inverter can converge to zero in finite time thanks to the use of global fast terminal sliding mode control. In addition, since the switching gain in control input can be made small, the chattering of the system can be greatly reduced. FNN control and terminal sliding mode control are combined to achieve better performance, FNN is adopted to compensate system uncertainties by updating its weights according Lyapunov-based adaptive law. This paper is organized as follows: Sec. II presents a model of a typical two-stage single-phrase PV grid-connected system. Sec. III introduces the MPPT approach. In Sec. IV, a terminal sliding surface is employed and a global fast terminal sliding mode control scheme is addressed, then FNNGFTSMC strategy is designed next. Simulation studies are exhibited in Sect. V to verify the effectiveness of the proposed control strategy. Finally, conclusions are drawn.
II. SYSTEM DESCRIPTION
A typical two-stage single-phrase PV grid-connected system without isolation transformer is mainly composed of a boost converter and a DC-AC inverter as shown in Fig.1 . The PV array is composed of a series of PV units in series and/or parallel. In boost converter, the PV voltage can be enlarged and MPPT strategies are applied to track the maximum power of the PV system.
The output DC power from boost part transferred into AC power through the DC-AC inverter which consists of 4 controllable power switches. The DC-AC inverter is connected to the grid, its output voltage is required to be consistent with the grid reference voltage.
The model of the two parts will be presented in the following paragraphs.
A. BOOST MODEL
A boost chopper is shown in Fig.2 Assuming that the conduction duty cycle of S is D b , for the energy accumulated by the inductor in one cycle is equal to the energy it released, we have
From (1), it can be derived u pv
In fact, the inductance L pv and capacitance C dc of the converter could not be infinite, u dc may decline somewhat. But when L pv and C dc is large enough, the error is ignorable.
In the fact of 0 ≤ D b ≤ 1, it can be found that u dc > u pv which proves the characteristic of voltage boosting in the boost chopper. Furthermore, u pv and D b vary reversely when u dc remains constant, adjusting D b can get suitable PV voltage so that the PV system can work at the maximum power point.
B. DC-AC INVERTER MODEL
The DC power transfers to the grid through the DC-AC inverter. As shown in Fig. 3 , the DC-AC inverter consists of four power switch, its output AC power inject to the grid through a filter. S 1 − S 4 are all fully controlled power switch, C ac and L ac are the filter capacitance and inductance in the gird side respectively, R L is the load.
In order to establish the inverter mathematical model, some ideal condition is assumed.
Assumption 2: S 1 − S 4 are all ideal switches with zero turn-on impedance, no dead time and capacitive or inductance effects. Parasitic resistance does not exist on inductance L ac and capacitance C ac . There is only one group of switches on at any time, opening time and shutdown time for each switch is small enough to be ignored.
According to KCL and KVL, it can be obtained that
While S 1 , S 4 are on:
While S 2 , S 3 are on :
Assuming that D is the duty cycle of S 1 and S 4 , then the duty cycle of S 2 and S 3 is 1-D. According to the state space average model, the mathematical expression of the inverter can be described as
Then the dynamic equation of the inverter is derived as
In practical applications, the inverter is always affected by uncertain parameter variations and external disturbances. Considering the uncertainties in the inverter model, (5) can be rewritten as
Where 1 , 2 and 3 are the parameter variations, d(t) is the uncertain disturbances, which is mainly caused by the instability of u dc . Let g(t) = − 1
, we get the mathematical expression of the inverter with system uncertainties as (7):
Where u ac and its derivative as well as u dc can be measured. 
III. MPPT APPROACH
Because the PV arrays are easily affected by the environmental factors, the working point of the PV is going to change. MPPT is needed to improve the efficiency of PV system to provide the maximum power. The P-U characteristics of PV cells are shown in Fig.4 . It is known that the peak of P-U characteristic curve of PV cell is the maximum power point, which satisfies the following condition:
Rewriting it as dI pv dU pv = − I pv U pv (8) Since the P-U curve has only one extreme point, the point that satisfies the upper form is the maximum power point. The essence of incremental conductance (INC) algorithm is to search the working point that satisfies (8) .
From Sec. II, unit A, we know that the boost chopper satisfies: , where λ is a positive constant, then the iteration algorithm of INC using this step size is expressed as:
The sign in (9) is determined by the position of the current point. In addition, we set threshold for the step size to avoid too large step. Detailed strategies of INC with adaptive size are shown in Fig.5 .
IV. DC-AC INVERTER CONTROLLER DESIGN
The state of common sliding mode control cannot converge to equilibrium point in finite time. By employing a nonlinear function into the sliding surface, terminal sliding mode control has a better convergence performance, it can converge to equilibrium state in finite time. 
A. SLIDING SURFACE DESIGN
The goal of the inverter controlling is to track the grid reference voltage. Define the tracking error as e = u ac − u acr (10) Where u ac is the output voltage of DC-AC inverter, u acr is the grid reference voltage.
Choosing a global fast terminal sliding mode function as
Where α, β are both positive constants, p, q(p > q) are positive integers. Note that p and q must be odd integers so that for any real number e, βe q p is always a real number. When the sliding mode is reached (s = 0), the system dynamics is described by the following differential equation
It can be found that when the system state is far from equilibrium point, the linear term ae plays a main role, while the system approaches the equilibrium point, the convergence rate is mainly determined by the nonlinear term βe q p . Therefore the global fast terminal sliding mode system has the global rapidity. By properly chosen α, β, p, q, for any initial state e(0) = 0, the dynamics (12) will reach e = 0 in finite time. Furthermore, we can solve the differential equation (12) , the exact time to converge to equilibrium state from any initial state, t s , is determined by
The next work is to design a sliding mode controller to ensure the existence of the sliding mode stage.
B. GLOBAL FAST TERMINAL SLIDING MODE CONTROL
This part is going to design a global fast terminal sliding mode controller for the inverter. Choosing a sliding mode function as (11) , employing a Lyapunov function as (13)
The derivative of V 1 is derived aṡ
According to the Lyapunov stability theorem, the control system is stable as long asV 1 is negative definite. In order to achieve the global stability of the control system, a control law is designed as
Where g E > |g| max , g E is the upper bound of system uncertainties, k ·s is a linear compensation term, k is a positive constant.
Applying (15) to (14) deriveṡ
V 1 is negative semi-definite which guarantee the stability of the system.
C. FUZZY-NEURAL-NETWORK GLOBAL FAST TERMINAL SLIDING MODE CONTROL
However, the control law determined by (15) require the information of the upper bound of system uncertainties in advance, which is often difficult to be obtained, therefore the designed control law (15) cannot be realized. If an empirical fixed value is chosen for g E , we may found that a too large value may result in chattering, while a too small value cannot guarantee the system stability. So a fuzzy-neural-network global fast terminal sliding mode control scheme is introduced, where FNN is used to estimate the system uncertainties to ensure the global stability of the system. So an FNN is used to track the system uncertainties on-line to compensate their impacts on the system. The control structure is shown in Fig.6 . Adopting a FNN to approximate the system uncertainties is presented as:ĝ
Where w is the connection weights of FNN, ξ is the transfer function from the input layer to the rule layer. x = [u ac u acr ] is the input vector. The output of FNNĝ is the estimation value of the system uncertainties g. By adjusting the network weights, the system uncertainties can be estimated adaptively.
Remark 1: The complexity of the FNNGFTSMC is mainly determined by the complexity of FNN. Assuming that the number of FNN inputs is m, and the number of fuzzy variables is n. As the complexity of the algorithm is mainly composed of the fuzzy layer (layer2) and fuzzy inference layer(layer3). The complexity of fuzzy layer is O(m × n), complexity for fuzzy inference production layer is O(n 2 ). The total complexity of the FNN is O(m × n) + O(n 2 ).
Assumption 3: According to the universal approximation principle, there is an optimal parameter w * that satisfies g =ĝ * + ε = w * T ξ + ε, where ε is the approximation error between g andĝ * , bounded by |ε| ≤ ε m , ε m is a given positive constant.
Designing the global fast terminal sliding mode control law by using FNN to estimate the system uncertainties g as (18)
Whereĝ is the estimation value of g, k is a positive constant, u dc can be measured.
Taking the derivative of the sliding function defined by (11) 
Appling (18) to (19) yields:
Choosing a Lyapunov function candidate as
Wherew =ŵ − w * is the error betweenŵ and the optimal weight w * , r is a positive constant.
Taking the derivative of (20) getṡ
Choosing the adaptive law aṡ
Substituting (22) in (21) obtains:
Remark 2: Ideally the FNN approximation error ε = 0, in this caseV = −ks 2 indicating the negative definiteness, the controlled system is stable. In fact, the approximation error always exists, so the system stability cannot be guaranteed.
In order to ensure the negative definiteness ofV , an error compensation term is employed in the control law as −ε m sgn(s), where ε m > |ε| max just as assumed in assumption3.Then redesigning the control law as
Applying (23) into (21) leads tȯ
Employing an adaptive law as (22) results iṅ
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V is negative semi-definite ensures that V , s,ṡ are all bounded ,and V (t) < V (0) < ∞. Furthermore, the inequationV ≤ −ks 2 implies that s is square integrable as
. Sinceṡ is bounded, according to the Barbalat lemma, it can be concluded that s → 0 as t → ∞. In summary, the system using FNNGFTSMC scheme with the control law (23) whereĝ is given in (17) with the parameters w updated by (22) can be asymptotically stable according to Lyapunov stability theorem.
V. SIMULATION STUDY
In order to verify the feasibility of the proposed strategies, a PV grid-connected system model is built in Simulink as shown in Fig.7 .
The PV module is composed of two 250W photovoltaic components which are connected in series with the param- FNNGFTSMC parameters are chosen as α = 8000, β = 10, p = 5, q = 1. The grid reference voltage is sinusoidal with frequency 50Hz and amplitude 311V.
A. MPPT PERFORMANCE
Environmental Variation: In practical application, the environment of PV system often changes. So an experiment is presented to study this property. The initial insolation level is set to be 880 W /m 2 (88%), at time 0.25s,it is changed from 880W /m 2 to 1000W /m 2 (100%) and again in the time 0.4s,it is changed to 740W /m 2 (74%).
The performance of proposed INC MPPT strategy is shown in Fig.8 . It is shown that the power of PV modules is greatly affected by insolation level. Fortunately, the proposed INC scheme can adapt to the variations environment factors, and quickly track the maximum power point with no violent oscillation at the vicinity of MPP, which proves the effectiveness of the proposed MPPT strategy. Robustness is an essential issue since the PV output vary with the atmospheric conditions. A good control strategy should have the ability to adapt to environmental variations and other uncertain disturbances. Fig.9 shows the performance of the proposed FNNGFTSMC scheme, where the solid line(u acr ) is the reference voltage, the dotted line u ac represents the output voltage of the inverter. It can be observed that the output of the DC-AC inverter can track the reference voltage in very short time and keep coincidence with the grid reference voltage. Furthermore, it can be seen from the error curve that the tracking error can converge to zero in finite time. In summary, the proposed FNNGFTSMC strategy can achieve reliable grid-connection, the voltage tracking error can converge to zero in finite time by using terminal sliding mode scheme, and in addition, the proposed strategy expresses strong robustness to environment variations.
B. PERFORMANCE OF INVERTER
In order to verify the feasibility of the proposed FNNGFTSMC strategy, some cases are considered in the experiment. 
1) PARAMETER VARIATIONS
Parameter variations will have an impact on the inverter controlling. In this section, the influence of parameter variations by capacitance and inductance is tested. When t=0.1s-0.15s, a random disturbance 2 × 10 −6 rand(1) PF is added to capacitance parameter C ac and while t=0.3s-0.35s, inductance parameter varies by adding a random disturbance with amplitude 10 −3 .
The results are presented in Fig.10 . As can be seen, even though the tracking error has small fluctuation when parameters vary, the inverter can still track the reference voltage and the control system can be always stable, showing good robustness in the presence of system nonlinearities.
2) VOLTAGE FLUCTUATION IN GRID SIDE
When the grid voltage fluctuates, the inverter should be able to track the fluctuation voltage, and return to normal level quickly when the voltage returns to normal. The control strategy should ensure the stability of the system throughout the whole processes.
Voltage fluctuation in grid side is tested in this part, at time 0.2s, the grid voltage changes from 311V to 280V and then returns to normal level 311V at time 0.24s. Fig.11 shows the adaptabilities of inverter under grid voltage fluctuation. It is shown that, when the grid voltage fluctuates, the tracking error also has a value of the mutation, then decreased to zero quickly, when the grid voltage returns to normal level, the output of the inverter can also recover quickly without hysteresis.
C. PERFORMANCE COMPARISON WITH SLIDING MODE CONTROL
In order to verify the superiority of the proposed FNNGFTSMC strategy, a comparison with sliding mode control (SMC) is carried out. During the experiment, two strategies are employed to control the inverter under the same conditions. The sliding mode surface for SMC control is chosen as s =ė + c · e, switching term ηsgn(s) is employed to compensate the impact of system uncertainties.
The control parameters of FNNGFTSMC strategy are k=1000,ε m =10, r=100, on the other hand, parameters for sliding mode control technique are considered as c=4000, η = 6 × 10 6 .
In practical applications, the inverter is often affected by the uncertain disturbances. In order to verify the robust performance of the proposed strategy, random disturbance is added in the experiment. Adding random disturbance when t=0.2s to 0.4s. The comparisons of the inverter performance are shown in Fig.12. to Fig.15 . Fig.12 and Fig.13 depict the voltage tracking performances of the inverter using FNNGFTSMC strategy and SMC scheme respectively. As can be observed, CSMC and FNNGFTSMC can both achieve reliable grid-connection, and can adapt to environmental changes, but the dynamic tracking process of FNNGFTSMC is shorter. Furthermore, it can be observed from Fig.15 that the control input curve of FNNGFTSM is much smoother than that of SMC. In fact, the switching gain in SMC is set in advance according to the experience, usually a relatively large value is chosen in order to guarantee the stability of system, as a result chattering follows. In other words, the robustness of SMC to disturbances is obtained at the cost of the high frequency chattering of the control variable. By contrast, FNNGFTSMC adopts the FNN to estimate the uncertainties of the system in real time, since the approximation error can be very small, as a result, the control chattering can be reduced greatly.
VI. CONCLUSION
In this paper, the MPPT and inverter controller for a two-stage single-phase PV grid-connected transformerless system are presented, particularly, the control strategy of DC-AC inverter is introduced. This paper combines the global fast terminal sliding mode control and fuzzy-neural-network scheme to control the inverter to track the grid reference voltage. The global fast terminal sliding mode control is employed so that the tracking error can converge to zero in finite time. Fuzzy-neural-network is used to approximate the system uncertainties, which enhances the robustness of the inverter. In addition, the switching gain in the control law is very small because the system uncertainties can be compensated adaptively, as a result the chattering of the system is greatly reduced. Finally, a simulation model is established in Simulink, whose results show the feasibility of the proposed strategies, the comparison results with the SMC control shows the superiority of the proposed FNNGFTSMC method. Future work will be on the experimental implementation of the proposed control strategy.
